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iW]£XZQTSVU^MOXZY­MOYS¿ZM¢|ZHY
]RiWXs~RQTHF  mY S ZHYRHGiWSsQ,`WM¢U^PSVUWMTXsY{U^CRMO`l]EiWXZ~RQOHGFF_Sc[CS|ZH b MO®tHGidHGYyU b HYR`WM¢Uc{XV¾]£XZMTYyUW`lMOY{U^CRH`^SVF_H
ZHGXsF_H.U^ikc°XZi-H@gESsF(]RQTHF(HG`dC;idH¡YRHF(HGYyU@µ  B-CRHY b M¢®tHGiWHYyUfiWS b MOM`WCRXsPRQ b ~£H¤PR`WH b XZi»HGSseuC[]SsidUWMTeQTH
U^X MsHHG]_U^CRH\SsF(XZPRYyU¶Xst]SsikU^MOeGQOHG` b HG`dMTidH b XZi¾U^CRH\Ss]E]RiWXgNMTF_SVUWMTXsY  B-CRMO`ÀeiWHGSVU^H`ÀS¤F(XZidH\eXZF(]RQOMTeGSVU^H b
Û,Û ÌY,Z\[\][
}x   !+   
	 N)
]RiWXs~RQTHF ©CRHY U^CRH]SsidUWMTeQTH`"SsiWHF(X|4MOYRSsY b UWCRHGMOiq]£XZ`WM¢U^MOXZYR`leuCSsYRZHKSsY b U^C¥PR`qS YRH© i^S b MTPE`qCSs`
U^X~tHeXZF(]RPEU^H b ³ YRXVU^CRHi b M_eGPEQOUc Ss`d`WX4eGMTSVU^H b ©M¢U^C UWCRMO` M¥MOY b XV MOY¥UWHGid]tXZQTSVUWMTXZY_MO`¶UWCRHYRHGeHG`W`dMOUc_U^X
¡Y b UWCRHYEHGMOZC¥~tXZidMTYE]SsikU^MOeGQOHG`qXsS ZM¢|ZHY)]SsidUWMTeQTHV«¹YRHeGH`W`WM¢UuSaU^MOYRS eGXs`dU^Q¢cU^H`dUl©M¢U^C SsQTQ,U^CEHXsUWCRHGi
]SsikU^MOeGQOHG`U^X b HUWHGidF_MOYRH"©CRMOeuC{XsU^CRHFSsiWH¤MOYR`dM b H"U^CEHMOYyU^HiW]£XZQSaU^MOXZY;iWS b MOPR` 
mª©ªHeXZF(]SsidH`WXZF(HeuCRSsi^Sse.U^HiWMO`dU^MOeG`+XV»U^CRH½¾´  U^X;F_Xs`dU+F(HG`dCNQOHG`d`+F(HU^CEX b `«U^CEHQTX4eSVQ¶MOYN
U^HiW]£XZQSVY¥UlMTY ½¾´  MT`feGXZYE`dU^idPReUWH b XZY;U^CRH~Ss`WMO`lXV¶SsY{HQTHF_HYyU¤`dUWiWPRe.U^PRidH©CRMOQTHKMOY F(XZ`kUqF(HG`dCNQOHG`d`
F(HU^CEX b `U^CRHÀQTX4eSsQ4Ss]E]RiWXgNMTF_SVUWMTXsY+MT`~Ss`WH b XZY©ÀHGMOZCyU¾PRYEeU^MOXZYR`XseGXsF_]RSseU`WPR]R]£XZikU  B-CRHÀMTYyUWHGiW]£XV
QSaU^MOXZY(PR`WMOYRnlSVUWPRi^SVQRnfHMTsC4~£XZid`¶PE`WHG`¶SqYRXsiWF_SsQOM VH b  H~tH`WZPEH-F_HGSs`WPEiWH-U^CSaUUuSMVHG`MOY¥UWXSseGeXZPRYyU³U^CRH
b MO`dU^idMT~EPEU^MOXZY+Xs2YRX b H`¾SsY b UWCRHGMOiidHGQTSVU^MOXZYUWXqHSVeuC+XsU^CRHiMOYK`W]RSseGH  B-CRH-½¾´  «VSs`S È SVQTHiNM¥MTY+F(H.U^CRX b «
]tXs`W`WH`W`dHG`ªUWCRH]RiWXZ]£HGikU^MOHG`¶XstQTMOYRHSVi¶eXZF(]RQOHU^HYRHG`d`ª©CRMOeuC MO`¶S`dP _eGMOHGYyU»eXZY b M¢U^MOXZY(XZieGXZYy|sHGiWsHGYReHqMTY
U^CRHSs]R]EQTMOeSVUWMTXsY[UWX_`dHGeXZY b XZi b HifHQTQOMO]EU^MOeh³²q´`  B-CRH b MO`dU^MOYRe.U^MOXZY{QOMTH`fMOYU^CRHF_SsYRYRHi\MOY©CRMTeuC;U^CRH
QTMOYRHGSsiqeGXsF_]EQTH.U^HGYEHG`W`"eXZY b M¢U^MOXZYR`¤SViWHKXZ~NUuSsMOYRH b¹ mY F(HG`dCNQOHG`d`F(H.U^CRX b `G«tU^CRH+SV]R]RiWXgNMOF SaU^MOXZY)`W]SVeGHG`
eGX}|ZHiW`qUWCRHeXZYyU^MOY¥PRMOUc{Xs¾UWCRH©ÀHGMOZCyUqPRYEeU^MOXZY{Xsif`dF_X4XsUWC{]RidXZ~RQOHGF(`¤SsY b CRHGYEeGHKCRMOZCRHikXZi b HifeXZYN
U^MOY¥PRXZPR`°   ! .yµqPRYRe.U^MOXZYR`KXV-MTYyUWHGiW]£XZQTSVU^MOXZY¿SsiWH SsQOiWHS b ceGXZYR`kU^idPReUWH b  I 
  Bi^S b MOUWMTXZYRSsQª½´ 
SsiWH ¶©CEMTQOH\UWCRH\Ss]R]RidXgEMOF_SVU^MOXZY_~yc+YSVUWPRi^SsQYEHGMOZC¥~tXZid`³MT`¶`WF(X4XsU^C(H|sHGikc4©CEHGiWHlH.gNeGH]EU»SaUU^CRHYRX b HG`
©CRHGidHMOU³MO`   B-CRH-QOXNeGSsQRSs]E]RiWXgNMTF_SVUWMTXsY `d]SseGH`³MTYK¡YEMOUWH\HQTHF(HGYyU^`ÀSsiWHªPRYRM¢XZiWF(Q¢cKMOY b HG]£HGY b HGYyU  4 
 
CqYU^CRHfXsU^CRHi»CSsY b «EMOiWidHGZPRQTSsiªSsiWiWSsYRZHF_HYyU^`»MOY	F(HG`WC4QOHG`W`SV]R]RiWXgNMOF SaU^MOXZYR`-`WPEeuCSs`  h¶L b XKidHG`dPRQOU
MTY¿F SViNMsH b b HUWHGidMTXZidMSaU^MOXZY MOY¿U^CRH ]RiWXs]tHidU^MOHG`XsSs]E]RiWXgNMTF_SVUWMTXsY `W]SVeGH  B-CRMO`KMT``WX `dMTYEeGHMO`WXsUWiWXZ]EMTe
©ªHMTsC¥U"PRYEeU^MOXZYR`"SViWHKYRXVU^MOeGHSV~RQOc ~RMSV`WH b UWX©ªSsi b idHGZMOXZYR`¤XVÀCEMTZCEHGiqYRX b SsQ b HGYE`WM¢UcZ«SVUqUWCRH+H.gN]£HGYR`dH
Xs¶HG¯¥PRM b MOiWHeUWMTXZYRSsQTM¢Uc)©CRMOeuCMO`¤eGXsY¥UWHGY b H b U^X~tHKSsY§HG`W`dHGYyU^MTSsQMOYRZidH b MOHGYyU"XZiqZX4X b Ss]R]RidX}gNMOF_Ss~RMOQ¢
MOUc  B-CRH b HYR`WM¢Uc%SsY b `W]SVUWMSVQªQOXNeGSVU^MOXZY XsYEX b H`(SsiWH_UuSMVHGY%MOY¥UWX§SseGeXZPRYyU+MOY U^CRH eGXZYR`kU^idPReUWMTXZY%Xs
U^CRHYSVUWPRi^SsQ,YRHMTsC4~£XZifMTYyU^HiW]£XZQTSsYyU  B-CRMT`lSsQOQTX}©`lXZifS YRSVU^PRiWSsQ,F(HSsYR`\U^X eGXZYR`kU^idPReU¤`kUuSs~EQTHSs]R]RidX}g¥
MTF_SVUWMTXsY `W]SseHG`+U^CRSVU+SsidH~Ss`dH b XZY MOiWidHGZPRQTSsiKYEX b SVQªSsidi^SsYEZHGF(HGYyUW`  mY U^CRMO`©ÀXZiNM2«U^CRH²fHGQTSsPRYSc
U^idMSsYEZQTH`©CRMOeuC%SsidH_UWCRH b PRSsQ³Xs»U^CEH_É³XZidXZYRXZM b MTSsZiWSsF«SViWH PE`WH b MTYU^CRH Y4PEF_HiWMOeSsQÀeGXZF(]RPNUuSVUWMTXZY
Xs-U^CEHMTYyUWHGiW]£XZQTSVU^MOXZY   fX}©ÀH|ZHiG«³PRYRQOM"MsHU^CEH ¡YRM¢U^HHQTHF(HGYyU+F(HUWCRX b ©CEHGiWHSsYRZQOH idHG`dUWiWMOeUWMTXZYE`(SsiWH
MTF(]£XZ`WH b XZY{UWCRHK²lHQSVPRYSc;UWiWMTSsYRZQOHG`\XZiU^CRHeGXZYy|ZHiWZHYReGH(XsU^CRHF_H.U^CRX b ×
  n\X`WPReuC)eXZYR`kU^i^SVMTYyU^`
SsiWH_MOF_]£XZ`dH b XZYU^CRH `WCSV]tHV«`WM"VGHV«SsY b SsYRZQOHG`Xs»UWCRH ²lHGQTSsPRYScU^idMSsYEZQTH`MOY¿UWCRH MOYyU^HiW]£XZQSaU^MOXZY¿~yc
YSVUWPRi^SsQYEHGMOZC¥~tXZid` 
B-CEH iWHGSs`WXsYR`KSs~£X}|ZH_©ªHiWH UWCRH_F_XVU^M¢|sSaU^MOXZYUWX SVUdU^HGF(]EUU^X;S b Ss]NUKS[YRH© M¥MOY b Xs-MOYyU^HiW]£XZQSaU^MOXZY «
MTY b HG]£HGY b HGYyUXs¹UWCRHl]EiWXZ~RQOHGF 
 `ª]RCyc4`WMOeSVQ¹`WeGSsQOHs«NUWXUWCRMT`ÀZiWM b QTH`W`¶F_H.U^CRX b  B-CRHfMTYyUWHGiW]£XZQTSVU^MOXZYeuCEXZ`WHY
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]SsikU^MTSsQ b M¢®tHGiWHYyU^MTSsQ HG¯¥PSaU^MOXZYR`ª©ªSs`-XZ~EU^SsMOYRH b  XCEHGY	U^CRHleGXZF(]SsidMT`dXZY	Xs,U^CEHq`WXZQOPEUWMTXZYE`ª©ªHiWH"eSViWiWMOH b
XZPEUG«NU^CEH"nlnfm¶Ss]E]RiWXgNMTF_SVUWMTXsY	`WCRX}©ÀH b U^CRHq`WSsF(HqU^idHGY b Xs,eXZYy|ZHiWZHYReGHSs`ÀUWCRH"½¾´  SsY b UWCRH¤½MOYRM¢U^H
²lM¢®¹HiWHGYEeGH F(H.U^CRX b ` +-bEb MTYE[UWCRMT`¤UWXUWCRH_S b |VSsYyUuSVZHG`"F(HGYyU^MOXZYRH b ]RidH|4MOXZPR`WQ¢c)U^CEH_F(H.U^CRX b ]EiWX}|ZH b
S ZX4X b SVQOUWHGiWYRSVU^M¢|ZHXZi`WXZQ¢|4MTYRh¶²l´³`lSsY b iWH|sHSsQOH b U^X_~tH"|ZHidc H.gNMO~RQOH©MOUWC{idHG`W]£HGe.UlUWX ZHXZF(HUWidc
S b Ss]NUuSVUWMTXZY¹«RMTF(]RQOHGF(HY¥U^SVU^MOXZY)SVY b Ss]R]RQOMTeGSVU^MOXZYR` 
B-CEH    ­QTMO~RiWSsidc  # 
©ªSs`lPR`dH b UWX eXZF(]RPEUWHU^CEHMOYyU^HGid]tXsQSVUWMTXsY  B-CRHiWH`WPRQ¢U^`\©ªHiWH|4MO`WPN
SsQOM VH b PE`WMOYR_ÉlMTsMTH  %
 
B-CEHXsPEU^QOMTYEHXVUWCRMT`idHG]£XZidUXZQOQTX}©` 
mYTªCSs]NU^HGiÀN«ZUWCRH  X}|4MTYRaohSVidU^MOeGQOHlLNHGF(MmF(]RQOMTeMOU  HUWCRX b MO`³MTYyU^idX b PReGH b  X¿H]RidHG`dHGYyUªCEX© U^CRH
QSV]RQSVeGMTSsY{SVY b UWCRH"Zi^S b MTHYyUlSViWH"Ss]R]EiWXgNMTF_SVUWH b MOY;S(]RSsidUWMTeQTH b MO`WeiWHUWM VGSVU^MOXZY 
mY TªCSs]EUWHGi 4 SsYHF_]EMTidMTeGSsQ¹F(HSV`WPRidHqXs UWCRHlHiWiWXsiªMO`ªF(HSs`dPRiWH b XZi³U^CRH  h¶L F_H.U^CRX b ~yc_`WXZQ¢|4MTYE
S_eXZQOQSs]E`WH¤©»SaU^HGioeXZQTPEF_Y 
mY TªCSs]EUWHGiÀIKSsY MTYyU^idX b PReUWMTXZY Xs U^CEHfZHXZF(HUWiWMOeSsQ£]RiWMOYReMT]RQOHG`ªYRHGH b H b UWX`WXsQO|sHfU^CEHlMOY¥UWHGid]tXZQTSVUWMTXZY
~yc(YSVU^PEi^SsQRYEHGMOZC¥~tXZid`³MT`³]RidHG`WHYyU^H b¹ É³XsiWXZYRXsM b MTSsZi^SVF_`«¥²lHGQTSsPRYRS}c+UWHG`d`WHGQOQTSVU^MOXZYSVY b U^CRHMTi³ZHXZF(HU^idMTe
]RiWXs]tHidU^MOHG`fSsidH¤H.gN]RQTSsMTYEH b SV`fSVY;MOYyU^iWX b PRe.U^MOXZYU^X+U^CRH¤XZidF_SsQ ]RidHG`WHYyUuSVUWMTXZY;XsU^CRH"MOY¥UWHGid]tXZQTSVUWMTXZY 
mY TªCSs]NU^HGi{N«qUWCRH§YSVU^PEi^SsQ"YRHMTZC¥~£XZiMTYyUWHGiW]£XZQTSVU^MOXZYSsY b MOUW`{Ss`d`WX4eGMTSVU^H b `dCSs]£HPRYEeU^MOXZYSsiWH
H.gN]RQTSsMOYRH b MTY b HU^SsMOQ,SsY b `WXZF(H"`W]£HGeMSsQ,eGSs`WH`lSsidH¤eGXZYyUWHGF(]RQTSVU^H b 
TªCRSs]EU^Hi #(H@gN]RQSVMTYR`U^CEH¤eGXZF(]RPEU^SVU^MOXZY[XsU^CRH¤ZHXZF(HUWidc	MOYyU^iWX b PReH b MTY TªCSs]NU^HGiI  B-CEH  
QTMO~RiWSsidc	MO`MTYyUWiWX b PReGH b Ss`-©ÀHGQOQSs`-`WXZF(HF(HU^CEX b `-UWX_eXZF(]RPEUWHUWCRH"MTYyU^HiW]£XZQTSVU^MOXZY 
mY TªCSV]EU^Hi %4«ZU^CRH-MOYReGXsiW]£XZi^SVUWMTXsY_XVtUWCRH-YSVUWPRi^SsQEYRHGMOZC¥~tXsi¶MOYyU^HiW]£XZQSaU^MOXZY(MTY+U^CEH\]RSsidUWMTeQTHF(HUWCRX b
MT`eGSsiWidMTH b XZPNU  B-CRH"XZi b HGiXseGXZYy|ZHiWZHYReGHMTYU^CEHeGSs`WH"XsS(PRYRM¢XZiWF iWHGe.UuSsYEZPRQTSsiZiWM b MO`\Ss`W`dHG`d`WH b¹
mY&TªCSs]EUWHGi =E«U^CRHY4PEF_HiWMOeSsQiWH`WPRQ¢U^`lPR`WMOYR UWCRHF(X b HGQ b H`WeGidMT~£H b MOY?TªCRSs]EU^Hi %_SsiWH]RiWH`WHY¥UWH b 
B-CRHc[SViWH"eGXZF(]SViWH b ©M¢U^C[XsU^CRHiF_H.U^CRX b ``WPEeuC Ss`-¡YRM¢U^H"HQTHF_HYyU^`qSVY b ¡RYRMOUWH b MO®tHGidHGYReH 
TªCRSs]EU^Hiz[eXZQTQOHGe.U^`S[`dPRF(F SVidc§XsÀU^CRH(iWH`WPRQ¢U^`XZ~EU^SsMTYEH b MTY§U^CRMO`"©ªXZi-M§SsY b `WXZF(H_]tHiW`d]tHeU^M¢|ZH`
XZi»U^CEMT`\F(HU^CEX b 
Û,Û ÌY,Z\[\][
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mY{XZi b HGiU^X Ss]R]EiWXgNMTF_SVUWHUWCRHnfS|NMOHGilL4UWX MsH`lHG¯¥PSaU^MOXZY;XZiMOYReGXsF_]EiWHG`d`WMO~RQOH X}©"«£UWCRH  h¶L;F(HUWCRX b
MT`³MOYyU^iWX b PReH b Ss`³S  SsZiWSsYRZMTSsYKXZidFPRQTSVU^MOXZY  B-CRMT`³F(HSVYR`U^CSVUU^CRH-F(X b HGQOMTYE b X4HG`YEXsU b HG]£HGY b XZY(S
F(HG`WCSVY b U^CEHq]SsikU^MOeGQOHG`ªF(X}|ZHqXsQTQOX}©MTYRU^CRHfF_XVU^MOXZYXs UWCRH RX©  mYUWCRMO`À©ªS}cs«EU^CEHleGXsY¥|sHGe.U^MOXZY	U^HGidF
MTY[U^CRHnfS}|4MOHGilL4U^XMsHG`fHG¯¥PSVUWMTXsY;MO`feGSsQOeGPRQTSVU^H b ©M¢U^CRXsPEUlY¥PRF(HiWMOeSsQ b M¢®¹PE`WMOXZY  n\PRF(HGidMTeGSsQU^HGeuCEYRMT¯¥PRH`
U^CSaUiWH¯¥PRMTidH)S¡EgNH b ´³PEQTHiWMTSsY ZiWM b idPRY­MOY¥UWX b M_eGPRQ¢U^MOHG`©CRHY­U^CRH;eGXZYy|sHGeUWMTXsY b MT`d]RQSVeGHGF(HY¥U[Xs
U^CRH b MO®tPR`WMOYR_¯¥PSsYyU^M¢Uc	ZidHSVUWQOc H.gNeGHH b `U^CEH b MO®tPR`dMO|sH b MO`W]EQSseHGF(HGYyU  mY	U^CEMT`-`dMOUWPSVU^MOXZYM¢UMT`-CSVi b U^X
]RiWX}|4M b Hª`dP _eGMOHGYyU¾F(HG`dCidH¡YRHF(HGYyU©CRHiWHÀMOUMO`YEHGH b H b «s©CEMTQOH¶UWCRH¶]RiWXZ]£HGi b MOiWHeUWMTXZYXs b MT`deGiWH.U^M"VSVUWMTXsY
MT`¤YEXsUM¥YRX}©YS]RiWMOXZiWMU^X UWCRH+`WXsQTPEUWMTXsY§SsY b F_Sc iWH`WPRQ¢U"MOY)H.gNeGH`W`WM¢|ZH Y¥PRF(HGiWMOeSVQ b MO®tPR`dMTXZY ¢Z 
  BX
X}|ZHGideGXZF(H\`WXZF(H-Xs2UWCRHG`dH b M_ePRQOUWMTH`G«  h¶L_SVQTQOX}©`¾U^CRH-]SVidU^MOeGQOHG`¾UWX¤F(X|sHs«¥XZQOQTX}©MOYRqU^CRH b MT`kU^iWMO~RPEUWMTXsY
XsZi^S b MTHY¥U 
B-CEHsX|sHGidYRMTYE HG¯¥PSaU^MOXZYR`\SsiWH"MOYyU^iWX b PReH b ¡iW`kUlSVY b U^CRHY{Ss]E]RiWXgNMTF_SVUWH b 
 E A !"$#%&'(
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(iterative calculation using ICCG)
Solving pressure Poisson equation
of time step
increment
Input of calculation parameters
input of configuration of particles
explicit calculation of source terms
calculation of particle motion (convection)
modification of particle motion
Calculation of pressure gradient terms and
check of termination
start
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` PR`dH b U^X`WXZQ¢|ZH[U^CRH	¡YRM¢U^H b M¢®¹HiWYReH{`deuCRHGF(H SVY b UWCRH¡YRM¢U^H[HGQOHGF(HGYyUF(H.U^CRX b 
nfPRF~tHifXVYRX b H` 0K$# =Es«RY¥PRF~£HGi\XsHGQOHGF(HGYyU^`$0 4 sxZx 
Û,Û ÌY,Z\[\][
#y   !+   
	 N)
B-CEH{`WXsQTPEUWMTXsY XZi(U^CRH{nlnfm+`deuCRHGF(H)MO` `dCRX}©Y MTY ½MT  4 x  ` ©ÀH CS|sH ]RiWX}|sH b ~£HXZidHs«ªUWCRMT`



















½MOZPRidH 4 x3O¶LNXZQOPEUWMTXZYXZi»UWCRHnlnfmÀ`WeuCRHF(H 
B-CEH`dXZQOPEU^MOXZYR`fSsiWH¤eXZF(]SsidH b MTYU^CRH½MO  4  
 `l©ÀH+eSsY)`dHGH+MOY§½MT  4 KU^CEHKiWH`WPRQ¢U^`qXZi\U^CRHKnlnfmfSsY b U^CRHK¡YEMOUWH b M¢®¹HiWHGYEeGH+`WeuCEHGF(HG`X}|ZHGidQSV]
SsY b U^CRH¡YRM¢U^HHQTHF_HYyU»`WXsQTPEUWMTXsY b M¢®¹HiW`iWXsF·U^CRHXsUWCRHGid`  B-CRH\eGPNU¶UWCSVU³©ÀHfeGSsY `dHGH©»SV`ÀF_S b HfSsQOXZYR
U^CRH¤UWi^SsYR`k|ZHiW`^SVQQOMOYRH`dCRX}©Y;MOYU^CRH¤¡ZPEiWH  TªXZF(]SViWMOYR_UWCRHSs]R]RidXgEMOF_SVU^MOXZY©ªH b H	 YEHUWCRH¤YRXZidF
2 2 , 2 2  
 	   2 , 2
©CRHGidH , MO`ÀUWCRH\`WXZQOPEU^MOXZY_|ZHGe.U^XZi  ²lXZMOYRUWCRMO`¶XZi³U^CEHlnfnfmSsY b UWCRHf¡YEMOUWHfHQTHF_HYyU»F(HUWCRX b ©ªHfXZ~EU^SsMTY
U^CRH"]£XZiWeHGYyU^PRSsQ b MO®tHGidHGYReH~£HU©ÀHGHY;UWCRH"`WXZQOPEU^MOXZYR`\O
2 2 , +2 2 2 2 , 2 2    ( . .
     °áz =yµ




























½MOZPRidH 4  O¶LNXZQOPEUWMTXZYE`Xsi»U^CRH"`W¯¥PSViWHHG¯¥PRM`W]RSseGH b F(HG`dC  TªXsF_]RSsiWMO`WXZYE` 
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mY U^CRMO`qeGSs`WHKUWCRH¡YRM¢U^H b MO®tHGidHGYReH+`WeuCRHF(H_eGSsY)YRXsUl~tHKSs]R]RQOMTH b SsY b UWCRHGidHXZidH+nln\mfSVY b ½¾´  XZYRQ¢c
SsiWHeXZF(]SsiWH b  B-CRH b MO`WeiWHUWM VGSVU^MOXZY MT`³`WCEX©Y MTY ½MO  4   mY+U^CRMO`³¡ZPRidH©ÀHeSsY SsQO`WX`WHH\UWCRH-É³XZiWXZYEXZM
b MTSsZi^SVF[«YEXsUXZYRQ¢cU^CEH"UWiWMTSsYRZPEQSVUWMTXsY 
½MOZPRiWH 4 ,O\LNHeGXZY b F(HG`dC)PR`WH b U^X`dXZQO|sHKU^CRHKhXZMO`W`dXZY§]RiWXZ~EQTHF MOY{U^CEHK`W¯¥PSsidH b XZF_SsMOY  n\PRF~£HGi¤Xs
YRX b HG`$0+zy>#E«RY¥PRF~tHifXVHQTHF_HYyU^` 4 #ZzZx 
Û,Û ÌY,Z\[\][
#sI   !+   
	 N)























½MTZPEiWH 4 4 O¶L4XZQTPNU^MOXZYR`-XZi»U^CEH`d¯¥PSsiWHPR`dMTYR S+U^iWMTSsYRsPRQSaU^H b F(HG`dC  TªXZF(]Ssi^SViWMO`WXZY 
 ySsMOY[©ÀHeGSsY{`dHGHU^CSVU\U^CEHnfnfm»`dXZQTPNU^MOXZY eGXs]RMTH`fUWCRH¡RYRMOUWHHQTHF(HGYyU¤`WXsQTPEUWMTXsY SsY b U^CRH"|VSsQOPRHXs
U^CRH"]£XZiWeHGYyU^PRSsQ b MO®tHGidHGYReHMOY	U^CRMO`\eSs`dHMO`
2 2 , +2 2 2 2 , 2 2    ( . .
 (     °ázZzyµ
B-CRH`dXZQTPNU^MOXZYR`XZiU^CRMO`KZHXZF(HUWidc¿SsiWH H|ZHY eGQOXZ`WHiU^CRSsY MTYU^CRHeGSs`WH Xs»U^CEHHG¯¥PRM`d]SseGH b `W¯¥PSsidH b 
Cq~¥|4MOXZPR`dQOc)UWCRH+`WXZQOPEUWMTXZY§CSV`¤~tHHGY§MTF(]RidX}|ZH b Ss`qU^CEH+Y4PEF~£HGi"Xs¶]tXsMTYyU^`¤PE`WH b XZilUWCRH+MOY¥UWHGid]tXZQTSVUWMTXZY
YRX}©¬MO`ZiWHGSVU^Hi  B-CRMO`fF(HGSsYR`-U^CSaU-U^CRH"`WPE]R]tXsidUfSVUHSVeuC;]£XZMOY¥UMO``WF_SsQOQTHi  mY¡ZPRidH½MT  4 IK©ªHeSsY
`WHH_UWCRH_SsiWHGSXVªU^CEH_MOYyU^HiW`WHeUWMTXZYXs¶U^CRH(eGMOiWePRF(eGMOiWeQTH`G«UWCSVU"MO`SVeU^PRSsQTQ¢c)U^CEH_`dPR]R]£XZidU"XZiqUWCRH_nln\m
F(HU^CEX b  mYUWCRMT`À¡ZPRidHlU^CRHleGXZQOXZi»MOY b MOeSVUWHG`»UWCRH¤SsidHSXZi¶U^CRHl`WPR]R]£XZikU-MTY	HGSseuC]tXsMTYyU  mYUWCRHqeGSs`WH¤Xs
SsY[HG¯¥PRM`W]RSseGH b ]RidXZ~RQOHGF UWCRHSsiWHGS_MO`-U^CRH"`^SVF_H¤XZi-H.|ZHidc]£XZMTYyU 
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B-CRMO`¶eGSs`WHeGSsY(~tH-`dHGHGY_MOY(½MT  4   mY_UWCRMO`eSs`dHS"idH¡YEHGF(HGYyU¶CSs`³~£HGHGY b XsYRH-MTY+UWCRH VGXZYEH-Xs¹si^S b MOHGYyU
euCSsYRsHG` 
B-CEHidHG`dPRQOUW`\Xsi»U^CRMO`eSs`dHSsidH¤eGXZF(]SViWH b MOY{½MO  4 # 
 ySsMOY)©ªH(ZH.U¤U^CSVU¤UWCRHKU©ÀX;F(HUWCRX b `"QTX4X M SVQTM"MsH_SsY b UWCSVU¤U^CEH nfnfm\F(HU^CEX b eGXZ]EMTH`"UWCRHK¡YRM¢U^H




 	"!#$ 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1023%  #y
cubo_tri1_pn.desc
½MTsPRiWH 4 I3O¶LNPR]R]£XZidUXZi»UWCRHnln\mÀF(HUWCRX b
½MTZPEiWH 4 ,O¶L4¯4PRSsiWH b iWH.¡YRH b F(HG`dC  nfPRF~tHifXsYRX b HG`"ZGI¥N«RY¥PRF~tHifXsHGQOHGF(HY¥UW`qssxy 
Û,Û ÌY,Z\[\][
























½MTZPEiWH 4 #3O³L4XZQTPNU^MOXZYR`XZi»U^CRH"`d¯4PRSsiWH"PR`dMTYR S+U^iWMTSsYRsPRQSaU^H b idH¡YRH b F(HG`dC  TªXZF(]Ssi^SViWMO`WXZY 
U^CRH"YRXsiWF b H.¡YRH b Ss~£X}|ZH"MT` 2 2 , +2 2 2 2 , 2 2    ( . .
    °kxZxyµ
 `»©ÀH¤eSsY	`dHGH¤MOYU^CRMO`-eSV`WHs«NU^CRH¤`dXZQTPNU^MOXZYR` b M¢®¹Hi-SK~RM¢U-F(XZiWHlYRX}©"«R~RPEU-UWCRMT`ªiWHG`dPRQ¢U-©»Ss`-H@gN]tHeU^H b SV`G«
H|sHGY	©CRHGY	©ÀHqCS|ZH"SiWH¡RYRHGF(HGYyUXZY U^CRHqeHGYyU^HiªU^CEHqY¥PRF~£HGi-Xs,YEX b H`»CSs` b HGeiWHGSs`WH b eXZF(]SsidH b U^X
U^CRHXsUWCRHGi³eGSs`WH\~RPEU¶M¢UÀMO`³`dUWMTQOQ~tH.UWUWHGiU^CSVY_UWCRH-¡iW`kUÀidHGe.UuSsYRsPRQSVi¶siWM b  B-CRMO`ÀF(HGSsYR`³U^CSVUUWCRHF(HU^CEX b `
SsiWH+eXZYy|ZHiWZMOYR	U^XS |VSsQOPRH(SsY b UWCSVU"SV`qFPReuCSs`q©ÀH+iWH.¡YRHKU^CEH+F_H`WC)U^CEH+`WXZQOPEU^MOXZYR`q©MOQOQ¾iWH`WHGF~RQOH
H|sHGYF(XZiWHV«NQOM MVHqMOY U^CRHlQSs`kU»H@gRSVF_]EQTHV«EeGXsY¥|sHGidZMTYE(UWXUWCRHlH@gRSVeU-`dXZQTPNU^MOXZY  mY UWCRMT`ÀZHGXsF_H.U^ikc ©ÀHqCS|ZH
S ©M b HGiq|VSsiWMTSVUWH b iWSsYRZHKXVªSViWHSV`lXZifUWCRHK`dPR]R]£XZidUqXsilU^CRHKnlnfm\Ss]E]RiWXgNMTF_SVUWMTXsY  m¶©ÀH+QOXNX M[SVUlU^CRH
½MO  4 % ©ªH+eGSsY§`WHGHKUWCSVU¤UWCRH+SsidHS	MTY UWCRH+eGHYyU^HGi"Xs³UWCRHKF(HG`dC «©CRHGidH_M¢Uq©ªSs`¤iWH.¡YRH b «,CSs`"SQOX©ÀHGi
|VSsQTPEHU^CSVY HGQO`d©CRHiWHV«,UWCRHGidHXZidHKF(XZiWHSseGePRi^SaU^H|VSsQOPRHG`«¹XZi\U^CRHKMOYyU^HiW]£XZQSaU^MOXZY)SsidHH.gN]£HGe.U^H b SVUfU^CRH
eGHY¥UWHGi\XsU^CRH"`W¯¥PSViWHs«©CRMOeuC{MO`\SsQO`WX_`WXZF(HUWCRMOYR Xs~¥|4MOXZPR` 
   5 %  "$#%    "  A 5& #%  %       #     #  A &  '#
G	 # 
	 "' 	 # F:;:    # 
	  " :  =E  #  
mY[UWCRH"]RiWH`WHY¥Uf`WHeUWMTXZY[©ªH`WXsQO|sHSsYHQTQOMT]NU^MOe]RidXZ~RQOHGF MOY;S(YEX V(VQTHZHGXsF_H.U^ikc 
mY;SKU©ªXa b MOF(HGYR`dMTXZYRSsQ`kU^HGS b cZ«2MOYReGXsF_]EiWHG`d`WMO~RQOHKSsY b MOiWiWXVUuSVUWMTXZYRSsQ X}©"«£S_`kU^idHSsF+PRYRe.U^MOXZY{eGSsY[~tH




 	"!#$ 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cubo_tri2_pn.desc
½MTsPRiWH 4 % O¶LNPR]R]£XZidUXZi»UWCRHnln\mÀF(HUWCRX b
SsiWH b H.¡YRH b ~¥cqjkXsMTYRMOYRSeXZYyU^MOY4PEXZPR`ªQOMOYRHfXV ]£XZMTYyUW`ªMOY_UWCRH RX© ¡HGQ b ~yc+XZQOQTX}©MOYRUWCRHfQOX4eSsQR|sHGQOXNeMOUc
|ZHeU^Xsi 
L¥U^iWHGSsF(QTMOYRH`¤CS|ZH(S eXZYR`dU^SsYyU¤|VSsQTPEHKXs³`dUWiWHGSsF+PRYReUWMTXsY`dMTYEeGHs«~yc[U^CRHMTi b H¡YEMOUWMTXZY¹«,SsQTQ,U^CEH X}©
FPR`kU»~£Hf]RSsi^SsQOQOHGQ2U^X"U^CRH\`dUWiWHSVF_QOMOYRHG`  n\X X}©eiWXZ`d`WHG`À`dUWiWHSVF_QOMOYRHG`  ½XZiU©ÀXV b MTF(HGYE`WMOXZYSsQá«RMOY¥|4MO`WeM b «
MTYEeGXZF(]RidHG`W`dMT~EQTH X}©SsY b eGXsY¥UWMTY¥PRM¢Uc%F_SMsH`_UWCRHQTX4eSVQ»]RiWX b PRe.U_Xs b MT`kUuSsYReH;~£HU©ÀHGHY `kU^iWHGSsF(QTMOYRH`
SsY b |ZHGQOX4eGM¢Uc S§eGXsYR`dU^SsYyU  B-C¥PR`(U^CRH|ZHQTX4eGM¢U^MOHG` MTY S RX© ¡HGQ b eGSsY ~£H	XZPRY b ~¥c b MO®tHGidHGYReMSVUWMTYE
`dUWiWHSVF(PEYReUWMTXZY[©MOUWC;idHG`d]tHeU\U^X+U^CRH X}©¦¡HGQ b eXNXZi b MOYSVU^H`-cSsY b g 
, 




©CEHGiWH , MO`[UWCRH¿CRXsiWM"VGXZYyUuSVQ ° R b MOiWHeUWMTXZYµeXZF(]tXZYEHGYyU Xs|ZHGQOX4eGM¢UcSVY b  MO`[UWCRH§|ZHGikU^MOeSsQ°#y
b MOiWHGe.U^MOXZY2µ"eGXZF(]£XZYRHGYyU  mYy|4MT`deGM b «³MTYEeGXZF(]RidHG`W`dMT~EQTH PEM b RX©vMO`eGSsQOQTH b QTMOYRHGSsi]£XsU^HYyU^MTSsQ X}©  B-CRH
ZX}|ZHiWYRMOYRKH¯4PRSVU^MOXZYR`¶XZi³QTMOYRHSViÀ]£XsU^HYyU^MTSsQ X}©SsiWH\eGXsYR`WHid|VSVU^MOXZYXV F_Ss`W`ÀSsY b U^CRH\iWH¯¥PRMTidHGF(HGYyU»UWCSVU
U^CRH X}©~tH"MOiWiWXVUuSVUWMTXZYRSsQ  É³XsidU^MOeGM¢Uc	FPR`dUf~tH VHGiWX(ZHYRHGiWSsQOQOcMOY[UWCRH X}©¡HQ b¹


















UWX]RidX b PReGHlSsYHSV`WMOQOc_`WXsQO|sH b `WHeGXZY b XZi b Hiª]SVidU^MTSsQ b M¢®¹HiWHGYyUWMSsQ£HG¯¥PSaU^MOXZY «NUWCRH  Ss]EQSseHlH¯4PRSVU^MOXZY 
 Q¢U^HiWYSVUWMO|sHGQ¢cZ«2U^CRH¤eXZY b M¢U^MOXZY[XsMTidiWXsU^SVU^MOXZYSVQ X}©eGSsY[~tH¤PR`dH b ©MOUWC[UWCRH"P «E||sHGQOXNeMOUceXZF(]tXsYRHGYyU^`
~tHMTYE	iWHG]EQSseH b ~yc[U^CRH+SV~tX}|ZHH.gN]RiWH`W`dMTXZYE`MOY `kU^iWHGSsF+PRYRe.U^MOXZY)Zi^S b MTHYyU  B-CRMO`q]RidX b PReGH`"S  Ss]RQTSseGH
HG¯¥PSVUWMTXsYMOYUWHGidF_`"XsÀ`dUWiWHGSsF+PRYReUWMTXsY  B-CRMO`XZikU^CRXsZXZYSsQ`WH.UXVÀH¯¥PSVU^MOXZYR`ZX}|ZHiWYR`"U^CEH+~tHCS|NMOXZPRi
XsMTYy|4MT`deGM b «£MTYReXZF(]RiWH`W`dMT~RQOH RX©"«2XsUWCRHGik©MT`dH/M¥YRX}©Y{Ss`-QTMOYRHGSsi]tXsUWHGYyU^MTSsQ X}© 
)   
)   1
)   
) #  
 .       )   )   1 )   ) #  
 . °kxEµ
B-CEMT`fMT`\U^CRHHG¯¥PSVUWMTXZY;U^CSVU\©MOQTQ~tH`WXZQ¢|ZH b MTY{S ZHXZF(HUWidc[`WCRX}©ÀH b MOY ½MO   %  XH©MOQTQPR`dHU©ÀX
b M¢®¹HiWHGYyUfF(HG`WCEHG`G«2©CRHiWH"F(XZiWH"]£XZMTYyUW`fSViWH"ZXZMOYR+U^X(~£HS bRb H b U^X+UWCRH"`WHGeXZY b F_H`WC 

  K a  Â @  Â Ç )Æ  $ Â -. Æ0/  ¿E Æ 
X¿HeSsY;`WHHU^CEMT`fF_H`WC MOY ½MT  4 =  mY[U^CRMO` b XsF SVMTY[U^CRHiWMOZCyUlH¯4PRSVU^MOXZY{XV³´¯4`  }xEMT`\`WXZQ¢|ZH b  X¿H
½MOZPRiWH 4 =,O È HGXsF_H.U^ikcXsUWCRHF_H`WC;PR`WH b U^X_eGXsF_]EPEU^H"U^CRHMOY¥UWHGid]tXZQTSVUWMTXZY  n\PRF~£HGi\XsYRX b HG` 0KIZz #E«
Y¥PRF~£HGi\XsHGQOHGF(HGYyU^`q %>=y 
eGXZF(]SViWHfUWCRHlidHG`dPRQOUW`»MOY	S`dMTF(MOQSsi¶©»Sc_U^CSaUªM¢Uª©ªSs` b XZYRHl~£HXsiWH  YRH.©YRXZiWFvPR`dH b UWXKeGXsF_]RSsiWH\U^CRH
`WXZQOPEUWMTXZY|ZHeUWXZiW`©MTQOQ,~tH b H¡YRH b Ss`\O
2 2 , 2 2  





 	"!#$ &%('*)!+,-!	.)/1023%  #Zz
©CRHGidH  MO`¤U^CRHK|sHGe.U^XZi b MOF(HGYR`dMTXZY¿SsY b , 
   O B-CRH(idHG`WPEQOUW`XZifU^CRMO`"eSs`dH SViWH+`WCEX©YMTY½MO  4 z 
QªXsUWC)iWHG`dPRQ¢U^`¤SsidHK`WPE]tHiWMOF_]£XZ`dH b U^X`dCRX}© UWCRHGMOiq`dMTF(MOQSsidMOUc  ´¾|sSVQTPSaU^MOYRU^CRHYRXZiWF b H`WeiWMO~tH b SV~tX}|ZH
©ªHZH.U
2 2 , 2 2  
.  .  ( (
©CRHGidH {MT`¤U^CEH_|sHGeUWXZi`WXZQOPEU^MOXZY§XZiqU^CEH nfnfmqF(H.U^CRX b SVY b , MT`"U^CEH(|sHGe.U^XZi`WXZQOPEUWMTXZY§XZiqUWCRH ½´ 
SsY b 2 2 , 2 2  




½MOZPRidH 4 z3O¶L4U^idHSsF QTMOYRHG`XZi»UWCRH¤YRX V\VGQOH]RidXZ~RQOHGF 
½XZi"SF(XZiWH b H.UuSsMOQTH b eXZF(]SsiWMO`WXsY SeGiWXs`W``WHGe.U^MOXZY¿ePEUCSs`F S b H_SsQTXsYR[UWCRH b XZF_SsMOY`dCRX}©Y MTY
½MO  Iyx 
B-CEH`WPE]R]tXsidU¤SViWHS Xs¾U^CEHeGMOiWePRF(eGMOiWeQTH`PE`WH b Xsi\UWCRHMOYyU^HGid]tXsQSVUWMTXsY XZY HGSseuC)]tXsMTYyUfMT`q`dCRX}©Y)MTY
½MO  IR  B-CRMO`\SsiWHGS b HG]£HGY b `fXZY	UWCRH¤iWH.¡YRHGF(HY¥UlXs,U^CRH"F(HG`dC[UWCRHGidHXZi\SKF(XZidHSVeGeGPEi^SVUWHidHG`dPRQOUW`\SsiWH
H.gN]£HGeUWH b ©CEHGiWH¤UWCRH"`WPR]R]£XZikUlSViWHS(MO`\`dF_SsQTQOHGi 
Û,Û ÌY,Z\[\][











½MTZPEiWH"Iyx3O TªXZ]RSsiWMO`WXZYE`\MOY;S(F(M bRb QOH]£HGid]tHY b MOeGPRQTSsi\`WHeU^MOXZYR`\XsU^CRH b XsF SVMTY 
nozzle_tri1_pn.desc
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 YRXsUWCRHGi-¡ZPEiWH¤MOY b MOeSVUWHG` b MO®tHGidHGYReHXsU^CEH"U©ÀX_`WXZQOPEU^MOXZYR`
 
 2 , +2
©CRHGidH MT`-UWCRH b MO®tHGidHGYReH~£HU©ÀHGHY{U^CEH`dXZQOPEU^MOXZYR`  B-CEMT`|VSsQTPEHMO`]RQOXsUWUWH b MTY[½MO  I¥ 
|U-V|,  min = 0,  max = 0.003033
½MOZPRiWH"I¥ O³²lMO®tHGidHGYReH~£HU©ÀHGHY{U^CEHSV]R]RiWXgNMOF SaU^MOXZY;~yc½´  SsY b U^CEHSV]R]RiWXgNMOF SaU^MOXZY;~yc[nfnfm 

   ¹Â  Æ  Ç  Â    Â Ç )ºÆ   Â -. Æ0/  ¿E$ Æ 
B-CRH"F(HG`WCPR`dH b MOYUWCRMO`-eSs`dH¤MT`-]RQOXsUdU^H b MOY[½MO  I 4  `»©ªH¤eGSsY`WHHs«SKidH¡YRHF(HGYyU©»Ss`F_S b HlXZY	U^CRH
SsiWHGSs`"eGQOXZ`WHi¤U^X	U^CRH(HY b `"Xs¶U^CRH(YRX V\VGQOH  mY§U^CRMO` b XZF_SsMOY «´¯  xE+©»Ss`"`dXZQO|sH b  XH(eGXZF(]SsidH+U^CRH
iWH`WPRQ¢U^`\PR`WMOYR(U^CRH"`WSsF(HYRXsiWF b H¡YRH b Ss~£X}|ZH 
2 2 , 2 2  
.  .   
©CRHGidH KMO`³U^CRH|ZHeU^Xsiª`WXsQTPEUWMTXsY XZiU^CEHlnfnfm¾F(HUWCRX b SsY b , MO`¶UWCRH\|sHGe.U^XZi¶`WXZQOPEUWMTXZY_XZi³U^CRHf½¾´ ¥ `
©ªH¤eGSsY`WHHs«SsY b SV`ª©ªH¤H@gN]tHeU^H b UWX+`WHHs«R~£XsU^C	`dXZQOPEU^MOXZYR`-ZH.U-eGQOXZ`dHGi»©CRHY[UWCRHqF(HG`dC;MO`»iWH.¡YRH b  mUMT`
Û,Û ÌY,Z\[\][
%Z   !+   
	 N)
½MOZPRiWH)I 4 O È HGXZF(H.U^idc Xs"U^CRH)F(H`WC¨PR`WH b UWX eGXZF(]RPEUWH)U^CRH)MOYyU^HGid]tXsQSVUWMTXsY  QªXVU^C­U^CEH²fHGQTSsPRYSc
U^idMSsYEZPRQTSVU^MOXZY­SVY b UWCRH[É³XsiWXZYRXsM b MSssi^SsF SViWH[`WCRX}©Y  nfPEF~£HGi XV¤YRX b HG`$0+z = #E«ÀY4PEF~£HGi XV¤HGQOH.
F(HGYyU^`$0 4 %Zsx 
H.gN]£HGeUWH b U^CRSVU¤Ss`fU^CRHF_H`WC§MO`liWH.¡YRH b «¹U^CEHKeGQOXZ`WHilU^CEHK`WXZQOPEUWMTXZYE`¤SsiWHSsY b H.|ZHY¥UWPSsQOQOc{U^CRH`WXZQOPEU^MOXZYR`
eGXZYy|sHGiWsHU^X+UWCRH"H.gESseU\`dXZQTPNU^MOXZY 
B-CEHqiWH`WPRQ¢U^`»XZiÀU^CRMO`»eSV`WH"SsidHl`WCEX©Y[MOY½MT  IZI  QÀXsU^C	idHG`WPEQOUW`SsiWHq`dPR]£HGiWMOF(]tXs`WH b UWX+`WCRX}©¨U^CRHMTi
`WMOF(MTQTSsiWM¢Uc 
mY;½MO  I¥+S+U^iWSsYR`d|sHGid`^SsQ,`WHeUWMTXZY;eGPEUMO`\`WCRX}©Y;SsY b SsySsMOY	U^CRH"`WXsQTPEUWMTXsYR`\SsiWH"`WPE]tHiWMOF_]£XZ`dH b 
B-CEHK`WPR]E]tXZikU¤SsidHS XV¾U^CRHeGMOiWePRF(eGMOiWeGQOHG`"PR`dH b XZi\U^CRHMTYyUWHGiW]£XZQTSVU^MOXZY{©M¢U^C§S_F(XZiWHKidH¡YEH b F(HG`dC
MT``dCRX}©Y{MOY{½MO  I# 
 QTSs`kU\¡RZPRiWH"`dCRX}©`\UWCRH b MO®tHGidHGYReHXVUWCRH¤U©ªX_`WXZQOPEUWMTXZYE`feXZF(]RPEU^H b Ss`\O
 
 2 , +2
©CRHGidH MT`-UWCRH b MO®tHGidHGYReH~£HU©ÀHGHY{U^CEH`dXZQOPEU^MOXZYR`  B-CEMT`|VSsQTPEHMO`]RQOXsUWUWH b MTY[½MO  I % 
½XZi¤~£XsUWCeGSs`WH`G«UWCRH(`dU^SsY b Ssi b SsY b UWCRH idH¡YEH b «MOUMO`]£XZ`d`WMO~RQTH_U^X[`WHH S`dUWiWXZYR b H]tHY b HGYEeGHXs
U^CRMO` b MO®tHGidHGYReH_©M¢U^CiWH`W]£HGe.UUWXUWCRH(F(HG`WCZHGXsF_H.U^ikc  XCRMOQTH+U^CEH_`dCSs]£H XVÀUWCRH(ZHGXZF(H.U^idc)SsY b U^CRH
HG¯¥PSVUWMTXsYR`-`WXZQ¢|ZH b SsiWHf~tXsUWC`dc4F(F(HUWiWMOes«RU^CEH b M¢®¹HiWHGYEeGH¤~£HU©ÀHGHGY	UWCRHq`WXsQTPEUWMTXsYR`-SsidHlYRXsU  B-CRMO`»F(HSsYR`
U^CSaU³S b M¢®¹HiWHY¥U³`dCSs]£H»XsUWCRHªU^idMSVYRZPRQTSVU^MOXZY+SVY bKb MO`dUWiWMO~RPEU^MOXZY(Xs|sHGidUWMTeHG`³ZM¢|ZH`G«¥Ss`SfiWHG`dPRQ¢U« b M¢®¹HiWHY¥U
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nozzle_tri2_ef.desc
nozzle_tri2_pn.desc
½MOZPRidHIsISO¶L4U^idHSsF QTMOYRHG`XZi»UWCRH¤YRX V\VGQOH]RidXZ~RQOHGF 
nozzle_tri2_pn.desc
nozzle_tri2_ef








½MTZPEiWH¤I¥,O TªXsF_]RSsiWMO`WXZYE`fMOY{S+F(M bRb QOH]£HGid]tHY b MOeGPRQTSsi`WHeU^MOXZYR`\XsU^CRH b XsF SVMTY 
Û,Û ÌY,Z\[\][








 	"!#$ 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1023%  %Z
|U-V|,  min = 0,  max = 0.001921
½MOZPRiWH"I % O³²lMO®tHGidHGYReH~£HU©ÀHGHY{U^CEHSV]R]RiWXgNMOF SaU^MOXZY;~yc½´  SsY b U^CEHSV]R]RiWXgNMOF SaU^MOXZY;~yc[nfnfm 
Û,Û ÌY,Z\[\][
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 ¸UWHGi¤SsYRSsQOc VMTYRSsY b eXZF(]SsiWMOYR	Y¥PRF(HGidXZPR`qY¥PRF(HiWMOeSsQ¾idHG`dPRQOUW`¤MTY;©CRMTeuC  Ss]EQSseH+SsY b U^CRH+hXZMO`W`WXsY
HG¯¥PSVUWMTXsYR`»©ªHiWHq`dXZQ¢|ZH b MOY b M¢®¹HiWHGYyU b XZF_SsMTYE`G«E©ÀHqeSVY	`^Sc UWCRHlUWCRHqSs]E]RiWXgNMTF_SVUWMTXsY	F S b Hq~yc YRSVU^PRiWSsQ
YRHGMOZC¥~£XZiW`qXZil`WXZQ¢|4MTYR]SVidU^MTSsQ b MO®tHGidHGYyU^MTSsQ¾H¯¥PSVU^MOXZYR`¤eXZYy|ZHiWZH`"UWXU^CRHH.gESseU"`dXZQOPEU^MOXZY  B-CRH+XZi b HGi
XseGXZYy|sHGiWsHGYReHMO` M4YEX©Y	©M¢U^C[]RiWHeGMO`WMOXZY	XZiªUWCRH¤iWHeUuSVYRZPRQTSsiSsY b H¯4PEM¢`W]SseH b ZiWM b  ½XZiªUWCSVU-eGSs`WH
S `WHeGXZY b XZi b HGi+XVeGXZYy|ZHiWZHYReGH©ªSs`+]RiWX}|sH b  mY U^CRH	XVU^CRHiKeSs`dHG`+U^CEHiWH`WPRQ¢U^`(SsidHHGF(]RMOiWMOeSVQ±«¶~RPEU
U^CRH	F(H.U^CRX b XZQTQOX}©`+U^CRHUWiWHGY b XVfeQSV`W`WMOeSVQ½¾´  sPSsi^SVY¥UWHGHMTYRS `dHGeGXsY b Xsi b Hi(SseGePRi^Sse.c  L4X)MOU
MT`H.gN]£HGe.U^H b U^CSaU¤U^CRH(`WXsQTPEUWMTXsY Ss]R]EQOc4MOYR[UWCRH(YSVUWPRi^SsQYRHGMOZC¥~tXsiMOYyU^HGid]tXsQSVUWMTXsYCRSs`¤U^CRH(`^SVF_H_XZi b HGi
Xs¶eGXZYy|sHGiWsHGYReH  B-CRH+F(H.U^CRX b S b Ss]NU^HG`q|sHGikc)HSs`dMTQ¢c{UWXU^CRHeuCSsYRZH+MOY§ZHGXsF_H.U^ikc)SsY b SVQT`dXU^X	F(HG`dC
iWH.¡YRHGF(HY¥U  `©ªSs`¾F(HY¥UWMTXsYRH b MOYKU^CRHÀMTYyUWiWX b PReUWMTXsY «sU^CEHGiWHªMT`¾YEXlZHXZF(HU^idMTeªiWHG`kU^idMTe.U^MOXZYK©MOUWC+iWH`W]£HGeU
U^X+U^CEH¤`WCSs]£H"Xs,U^CRH b XsF SVMTY  ½PRikU^CRHi-H.gESsF(]RQOHG`\`WCRXsPRQ b ~£H b XZYRH¤MOYF_XsiWH"eGXZF(]RQOMOeSVUWH b ZHGXZF(H.U^iWMOHG`
U^X_HG`kUuSs~RQOMO`WC;UWCRMO`  ´¾|ZHGYyUWPSsQOQOc;S 4 ²ZHGXZF(H.U^idc ©ªXZPEQ b YRXsU\iWH]RiWH`WHY¥UlS(F SjkXZi-eGXZF(]RQOMOeSVUWMTXZY 
B-CEH-nln\mF_H.U^CRX b CSV`¾]RiWX}|sH b U^XlCS|ZH-Sf|sHGikcZX4X b H _eMTHYReceGXZF(]SsidH b UWXlU^CRHÀF(XZiWH¶U^i^S b MOUWMTXsYSsQ
F(HU^CEX b `À©MOUWCSsYHSV`dc MTF(]RQOHGF(HGYyU^SVU^MOXZY  mU»`kU^MOQTQtCSs`¶U^X~£Hq]RidX}|ZH b MOYF(XZidHqeGXZF(]RQOMOeSVUWH b ]RidXZ~RQOHGF(` 
B-CRH]tHiW`W]£HGe.U^M¢|ZH`lU^CSaUfM¢U\]RiWH`WHY¥UW`G«tSs`\SsY;SsQOUWHGidYSVU^M¢|ZH"U^X(U^CEHUWi^S b M¢U^MOXZYSVQ F(HU^CEX b `«2MT`\ZX4X b SsY b Ss`
SKF(HG`WC4QOHG`W`F(HUWCRX b «EU^CEH¤i^SsYRsHqXs,]RidXZ~RQOHGF(`-U^CSVU»MOU-eXZPRQ b `WXZQ¢|ZH"MO`ª©M b H  ½PEU^PEiWH¤Ss]E]RQTMOeSaU^MOXZYR`»©MOQTQ
ZM¢|ZHS(F(XZidH"]RiWHeGMO`WHM b HGS_XVUWCRH"]tXsUWHGYyU^MTSsQXsU^CEHnfnfmªSs]R]RidX}gNMOF_SVU^MOXZY 
Û,Û ÌY,Z\[\][





 	"!#$ &%('*)!+,-!	.)/1023%  %sz







































[	"+1<'4\c"1)[	"	!g\]%!6[1,!g\X"&[	"'hUM\X"&[	" a\]%!8['  a\i"&[	"( 	 a\X"&[	""1M\
Û,Û ÌY,Z\[\][
=Zx   !+   
	 N)





































@:	7AH "'	$!"D	0#,!(D#('D#+ ' 		DE	?@M\%d\%B8H#+
<		'06
@:	7GK 	!'D#"$% +DE	?@'M\ H#+B*K
<		'0 K#	 #
<		'0 K ''U ''U
<		'0  '#U# 'U#D#!' 'UD'!
<		'0 #	#	'D!'#D(!'




 	"!#$ &%('*)!+,-!	.)/1023%  =E
<		'0 K ''UD	" 1!,  ''UD	" 1!, 
<		'0 K 7	#D<#67	(D<	
<		'0 K#	D" ( #	D" ( 
<		'0 K ''UD#"   UD#"1 , 
<		'0 K 	$D" (  	$D" ( 
<		'0 K 7"D0#	D#	" #1,! 7"1D'0#D	"( #1!( 
<		'0 K 	$D#	" #1,!  	$D	" 1!, 
<		'0 K K# #!'D	J
> "1,!JILK# !'D'K#"1$%, #+D#O1 ',!(h"'C3GNI









7	'.	+9,	+	+(	* #1h".<(8!	+ . '"+/-.#1 
Û,Û ÌY,Z\[\][
=y   !+   
	 N)









0# YX" "  "(?'  " 

"/%	D
" BB', 		"*BBB	B%(	D 
.43 ",+' 'FY  
.5(B!%!''' 		"'( 
.5(B'%# '<D'%	D






0# YX" "  "(?'  " 














"'g\  #%!'hg\  (%D!#D"+ \ 0##a\ + ' 
"10+1 	J"FY1I 3 "	#43 " I 
"8BB,'BB'UBB %!'('BB %#D!#D'"+'BB'0#		BB	+ ,
"10aY #+1 ',  &??RI !!	/+1 '1 ',I ??	!








8??hI(+!,"'/,"#  "10/0,"",	+	! #!hI ??'!

"10aYG,' - %,!'	 


8??hI(+!,"'/,"#-	+  !'+!/ ',I ??	!

"10aYG,' - %,!'		E 

8??hI(+!,"'/,"#-	+  !'+! ,#!'RI ??!

Û,Û ÌY,Z\[\][
=sI   !+   
	 N)
"10aY  %!'( 

55	55555	55555	55555	55555	555	5	555	5	555	5	555	5	555	5	55	55	55	5
55	555 #( < ,""'+0# 8+(2' 
55	55555	55555	55555	55555	555	5	555	5	555	5	555	5	555	5	55	55	55	5
%,!'"(D N\ "(D	E \ "Da\ h"(D 
8??hIL% 	*"0 "'' RI ??'!
	"8BBh"(D  
8??hI/I ??	!
8??hIL% 	/	 	1I ??!
	"8BBh"(DE
8??hI/I ??	!
8??hIZ%, 	 +1# "' I ??!
	"8BBh"(D
8??hI/I ??	!
8??hIZ%, 	*" 	2"( #,I ??'!
	"8BBh"(D 
8??hI/I ??	!
0# YX" "  "(?'  " 

. 'h"+a^ "1_,5(B	" F3  
"10aY .# '"'+a^ "1_5(B%	 '<#D   






 	"!#$ &%('*)!+,-!	.)/1023%  =y

. 'h"+a^ "1_,5(B	"'h"(D  









"10aY .# '"'+a^ "1_5(B%	 '<#D(	  






"10aY  %!'(	E 

55	55555	55555	55555	55555	555	5	555	5	555	5	555	5	55	55	55	55	55	5
55	555 #( < ,""'+0# K##!
55	55555	55555	55555	55555	555	5	555	5	555	5	555	5	55	55	55	55	55	5
8??hI( !"#!-*!	+U 	(	+I ?	?! 
8??hI"	$	 	#+ 8! .!' -	9"*!  '8+1# "'  I ??!
%,!'"(D
	"B	B"(D'
0# YX" " i"(?	 i" 
Û,Û ÌY,Z\[\][
= #   !+   
	 N)

. '"+a^ "_,5(Bh"'"D,[1. '"'+a^ "_,5(B',"	MY =3A<MY 
'	"D,'EM3  
"10aY . '"#+a^ "1_,5B% '<D#   

"10aY . '"#+a^ "1_,5B% '<D#( 

. '"+a^ "_,5(Bh"'"D,[1. '"'+a^ "_,5(B',"	MY =3A<MY 
'	"D,'EM3  

"10aY . '"#+a^ "1_,5B% '<D#(E 

. '"+a^ "_,5(Bh"'"D,[  F3   '	h"(D,EF3   

"10aY . '"#+a^ "1_,5B% '<D#(  




























%,!' +fC^ D 	_C^ D.(_ 






" "!'  
%,!'! M3         
%,!'/ S, fT^   '_ 
" " S, fC^   '_
Û,Û ÌY,Z\[\][








" "'(U(U,!	[ Y   

"*! $'S#  '[ YGU,!   U!	[ YG(U,!   
    
%,!'/ $'SfC^`! $'S_





"1$'SfT^   _	  
"1$'SfT^ '_	!' $'Sh5    
"1$'SfT^_	   
%,!' +1%T^ D 	_ 
%,!' +1UT^ D 	_ 
%,!' +fD+	!F^ ',D '[1'D'._ 
" "'F^ 	'D' ',[1D.(_ 
"8eF^ 	'D' ',[1D.(_ 
%,!'" ^ 	'D' '	_ 
0# YL")"    i"(?D   " 






 	"!#$ &%('*)!+,-!	.)/1023%  =Zz
	[	55	55555	55555	55555	55555	555	5	555	5	555	5	555	5	555	5	55	55	55	55	55[
55	5 0,""h"' (0-  ,"U-+	!.6!!			"'h5
	[	55	55555	55555	55555	55555	555	5	555	5	555	5	555	5	555	5	55	55	55	55	55[













	[	55	55555	55O' "'( . 6!	! #",+	5	55555	55555	5[
55	55555	55555	55555	55555	555	5	555	5	555	5	555	5	555	5	55	55	55	55	5
(0+1 	 $#	FYI 3 		($ I  
0# YL")"   " ?i" 

%,!'-$D+1
655555	55/+1 #+' ( "U ( !"1$%' #+
+fC^ "_C^  '_	&5.# '"'+a^ "1_5(B+1'h'D'0 
Û,Û ÌY,Z\[\][
zZx   !+   
	 N)
'^ "1_C^  '_'. 'h"+a^ "1_,5(B!	%! 
55	5555 K'% (0-#"1$	% #+/8	1/"1
T^ "1_	'. '"#+a^ "1_,5B'D'."1	+
0# YL" e   e/? 	T^ "1_   e  

+fC^ "_C^Ge'_	. '"+a^ "_,5(BDf #!F^ e_ 



















EF3  3333 [	[ Y ( Y	Y   [1Uh5   [['E  Y  [1<h5   [	['E  




 	"!#$ &%('*)!+,-!	.)/1023%  zE
1SMYY   3  [1.# '"'+a^ "1_5(B"1FY =3A<FY 	5    M3    \ EM3    
"10aY "."	  ,"." F3        
$C^ "_	5NY ,1SMY EF3   	E     a\Y  3  ',"."( [($D(,+




"10aY .# '"'+a^ "1_5(B"1FY g3GUFY B M3   -. '"+a^ "_,5(B"FY =3A<FY (B M3   
. '"#+a^ "1_,5B"	FY g3AUMY (?EF3   -. '"+a^ "_,5(B"FY =3A<FY (?1EM3   

$C^ "1_5 3  #[$D(,+1
















	[	55	55555	55555	555558(0- " ("'&. 8	!! 	,",+555[
Û,Û ÌY,Z\[\][
zy   !+   
	 N)
55	55555	55555	55555	55555	555	5	555	5	555	5	555	5	555	5	55	55	55	55	55	55	55	55	5
  ## '< ,""'+.   ,"U
55	55555	55555	55555	55555	555	5	555	5	555	5	555	5	555	5	55	55	55	55	55	55	55	55	5
0# YL"'C3A. 'h"+D'%'$,"MY Z"1  	43A.# '"'+D	'aY  c"1 

"10aYZ"15(B%( <D   

0# YZ" "   "(?"5(B	'D.#	"	+   " 

+fC^ "15(B!(%!5_C^ "1_	 F3  

+fC^ "15(B!(%!5_C^  '_	,5 3  














 	"!#$ &%('*)!+,-!	.)/1023%  z 4
+fD+	!F^ !(	_	#+fT^ "1_C^Ge_ 
"'F^ !	_	"
 





9	 "h"	$/  ,"U-+	!.)"Sh"1-!(%0 8  	!	"'
55	55555	55555	55555	55555	555	5	555	5	555	5	555	5	555	5	55	55	55	55	55	55	55	55	5
(0+1 	 " aYIN3 	h " NI 
0# YL")" Z"(?!(c" 

 ," 8??#"'F^ "1_??hII ?	?eF^ "_??hI6I ?	?+fD+!F^ "1_??#!

55	55555	55555	55555	55555	555	5	555	5	555	5	555	5	555	5	55	55	55	55	55	55	55	55	5
 !. 0#' 8+1, #+ "U
55	55555	55555	55555	55555	555	5	555	5	555	5	555	5	555	5	55	55	55	55	55	55	55	55	5
$# +D
Y M\ $F\ 	" \ #!M\ "'=\ e=\ +fD+!g\ ,"+1<'4\ ,"!=\ !g\ ,"UM\ ,"# a\   F\
,"  a\ ,"	"M\i+1%M\ +1UM\  $'SfF\ #! $'Sd\ "1$'SfF\ #!"$'Sd\  'S, fF\ "S, f  
0# YL")" i"(?	X" 
Û,Û ÌY,Z\[\][
z     !+   
	 N)






1, *  Y  F3   \  M3   
K ''UD	" 1!, )	"( # \`(
0# YL")" Z"(?Z" 

	" #(	'43 "	"		D. "+ Y . "'#+a^ "_
	" # 
%! R"1D"(#	" #5(B" 
 
"10aYZ	" #	5B"? R"D'" R"#D" 	" #5(B"
	" 

(S	"'!=Yc	"  ( 
. 'h"+a^ "1_,5(B'$ #' 
'P,!< 	$	 ")"10-"6'#+ ,-%#!	$- 8.#U!!
"10aY 43 "+D"	0,"h"=Y .# '"'+a^ "_ 	  

0# YL" e   e? ^ "1_  e  

. 'h"+a^ "1_,5(B'$ '.# '"'+a^ "_,5(B$ EF3  (. 'h"'+F^ "_,5B+'h'D0	,	[




 	"!#$ &%('*)!+,-!	.)/1023%  zy
Yc+2' 		D"+, Y . 'h"#+F^  ^ "1_T^ e'_,5 _,5(B',"	MY  \
. 'h"+a^ "1_,5(B,"FY [
Y .# '"'+a^ ^ "1_C^ e'_,5 _5(B,"MY 5.# '"'+a^ "_,5(B',"1MY  [
. '"#+a^ "1_,5BD'f '!F^ e'_ 

"10aY  %!'(	E 

@ "	.!	"<60# 6!!		2'("'
1, 	+ Y . 'h"+a^ "1_,5(B'$ M3AUMY [ YL5(EF3    \  F3    
. 'h"+a^ "1_,5(B'$ '.# '"'+a^ "_,5(B$ ,+ 
1, -.! Y .# '"'+a^ "1_5(B'$	 'M3A<FY  \ . "'#+a^ "1_5(B$	 #d3AUMY  






(0+1 	8."1$"(=YI 3 	."$,"(F3 #NI  
(0+1 	8UFYIN3 	U I 
(0+1 	8<FYIN3 	< I 
(0+1 	 aYIN3 	NI 
(0+1 	 faYIN3 	(fNI 
(0+1 	 $	 ' YI 3 		($	 'RI 
."1$,"-??RIZ"	,+ I ??	??!
Û,Û ÌY,Z\[\][




U??'. '"+a^ "_,5(B"FY =3AUFY ??'!
<??'. '"+a^ "_,5(B"FY =3A<FY ??'!
/??'. '"+a^ "_,5(Bh"(??!
f/??'. '"+a^ "_,5(B!1%	[ Y  D9O 3  EM3   ?	?'#!
(f6??'$C^ "1_??'!
$	 ??.# '"'+a^ "1_5(B"1FY (?	?hI I ??. '"#+a^ "1_,5B'$	 ??#!
."1$,"-??'. '"+a^ "_,5(B"FY ??'!

(0+1 	8 " YI 3 (, "#I 
(0+1 	 #1FYIN3 		1C3 hI  
"&	D!'(# 
P "h"	$*(0- "'$!h"'80# ,!%
0# Y 0('C3G0#	#+D%'$"FY `0 	'43 0	#+'DaY `0,
 

0# YZ" " c"(?Z" 


















(1 ??hI/I ??0	5(B.# 'UMYZ"5(B!%!51?	?RI*I 





"10aY  %!'(  /+ ',(	  

."1$,"-??RIZ "'(	$#!'+ I ??(D!'??	!
0# Y 0('C3G0#	#+D%'$"FY `0 	'43 0	#+'DaY   0,
 

0# YZ" " c"(?Z" 






"10aY  #%!'h 6+1 ',( 


"10+1  $	 "aYI 3 "1(."1$,"(M3 hI 
$	 "BBD!
."1$,"(/??hIL "'$#!'+ I ?	?'D	!'??'!
0# YZ"1)" c"?'D	!c" 
 Y,Z\[\][
  =   !+   
	 N)

"/  \ Ea\  a\    
%!  
$	 "BB   BB BBEB	B 	BB'   BB'   	B	B   	BB   BB'   	BB'   B	B  B	B  B	B   
."1$,"(/?? 1??hII ??'E??hII ?	? 	??	!


"10aY  #%!'h	E6+1 ',( 


"10+1  $	 "aYI 3 "1(."1$,"(M3 hI 
$	 "BBD!
."1$,"(/??hIL "'$#!'+ I ?	?'D	!'??'!
0# YZ"1)" c"?'D	!c" 

"/  \ Ea\  a\    
%!  
$	 "BB   BB BBEB	B 	BB'   BB'   	B	B   	BB   BB'   	BB'   B	B  B	B  B	B   









				 !"$#&%('*)+,-'.	0/12#    

"10aY  %!'(	E 

."1$,"-??RI+!	 #+9	 	#++1 	RI ??!
0# YL")" Z"(?Z" 

 	    !!"
."1$,"-?? F3   [ Y`. '"+a^ "_,5(B'$	 #M3GUMY [.# 'h"+F^ "1_5(B$	 #d3AUMY 

. "+F^ "1_,5(B$	 M3G<FY '.# 'h"+F^ "1_,5B$	 'd3A<MY  (?	?'#!


."1$,"-??RI+!	 #+:	 	,I ??'!
0# YL")" Z"(?Z" 

."1$,"-??'. '"+a^ "_,5(B+( '	??'!

."1$,"-??RIZ.1, #+ ! !(U !< 3 I ??	!
0# YL")" Z"(?Z" 







"10FY . 'h"+a^ "1_,5(B	"(Bh"(Dh(U	h"(Dh(U'.# '"'+a^ "_,5B	" 
 Y,Z\[\][












 H"+-+0S,  / 	!#	1',h"' "+  '*(0  O1KH  	 K:	7 	!'	+
/(0--
	"!-@	 <8:#!($# ,"'h+7"1%  '< Y 










@:	7	D (  





+ #  	 
 '0,"'!' K# #!'D"1$%' #+DEF3GM\ .
 	.h"+	"'  	'."+	"'(  3  
 	.h"+	"'#D  (  E            1E E 
/	 Yc+   H (#" 	 #	f 	:6?
	 fd3 +" 3 " ,"' 3G0	 B

' "( ]O1K	O1: "51:h"!"+ Y ?  ' "(#F3."1#+"'a3 "1 ,"'a3G0 	B 

																												




				 !"$#&%('*)+,-'.	0/12#    






















<	'0/" ?  'UD'! \ 
' 	D<	B/K#	 !'D
	%!" 





K# !'D##"1$%, #+DE Y 
 !(<D' "'$!h"'DE	?@'d\ H#+'B=Y  
  
     )   
	  '
K# !'D##"1$%, #+DE Yc,+ @' -$ 
 !(<D' "'$!h"'DE	?@'d\ H#+'B=Y`$ 
K# !'D##"1$%, #+DE Yc,+  'UD'! 6.M\ ,+6@ -$@'FY 
 !(<D' "'$!h"'DE	?@'d\ H#+'B=Y .M\ $
K# !'D##"1$%, #+DE Yc,+*H ,"'	$,!"'(DE?@M\ H#+'B  
 !(<D' "'$!h"'DE	?@'d\ H#+'B=Y   
55	55555	55555	55555	55555	5P'9  	:HOP'K &555	55555	55555	55555	55555	55	55	55	55	55
%! +D0#!"1MYc,+ #	'D!' 60d\ (,+169#"	 /,+1
%!0,"	D0#!"1+ Yc+1*9#" /M\ !"+1#?  	$	B &!' \
%! 8!' 	'<d\ #	D'!-"6 #D(!'=Y 6+1
K# !'D(  #!'D 	+ Yc,+1&9#" M\;%	!6 	+ \ %,!' &+1'D 	 ,+1










				 !"$#&%('*)+,-'.	0/12#    





K#( !D#"1$% #+'DE?@'d\ H+'B  0"D#0!"+ Yc(,+ 9#"	 /M\ !"+1?  $B &! \
%	!*! 	''<M\ #	'D!'-"	/,+1

%! 	+!FY`0!	+  
+,+"*!' #6( !	SR"+*!"+1&(0"1$%' #+ Y $+ 






.6 	#+1D. 'UFY`M\ 0 
"10 YY 
@:7 1 		DUFY .h5(B"1FY  \     :7  
Y 





"10 Y  "+D#"	0"" Y`0

!'M3A,+1#D%	fFY  	$ Y`05(B'#"$%' aY    \`05B'#"$%' aY   5B#"1UMY`0  
  
     )   
	  '
!'M3A,+1#D%	fFY  	$ Y`05(B'#"$%' aY 
 \`05B'#"$%' aY 5B#"1UMY`0  
!'M3A,+1#D%	fFY  	$ Y`05(B'#"$%' aY E  \`05B'#"$%' aY E 5B#"1UMY`0  
!"+1?  	$B  " ( !"!F3A%'$"FY 
!"+1?  	$B  " ( !"
"	&"
S	h"'!'=Y !"  8!'F3  Y  
"10 Y +D0#!"1MYYc[!"1g3G0,"( #+1d\  
06 Yc[!" g3G0," +1
"6 Yc[!" g3 +
!"18!"  "+#+  %-	!''
!"18!'F3 "1,+ 'MY !"M\  	$=Y 05(B##"1$%, YcSdYZ" \
05(B'#"1$	% Yc1SMYZ" 5(B#"	UMY 0  
!"18!'F3 "1,+ 'MY !"M\  	$=Y 05(B##"1$%, Yc1SMYZ"  \
05(B'#"1$	% Yc	SMYZ" 5(B#"1	'UMY`0  













K#( !D#"1$% #+'DE?@'d\ H+'B  K #!'D(		
  
   
				 !"$#&%('*)+,-'.	0/12#    
K#( !D#"1$% #+'DE?@'d\ H+'B G, #!'D' 	+ Yc(+1)9#" -d\ %	! "D
 M\ #%!' 
+1'D  +1

K# !'D(& 	 	D'd\  	 
!"+1#?  	$	B7




"10 Y G0,"1	D(	0#!",+ Y M\ 7a\ ! < 

"10 Y ! 	'<











!"+1#?  	$	B  (,+1D#"1 , 7	D#"
%,!' +1'D  Y   
%! .!" Y  "+D#"	0"" Y !	(=Y`  
0# Y 7	D#"8/7M3A%'$"FY ]7	D"  7M3` Y   7	D#"1 

	 	D	< " =Y   
 'UD'!/. '#D # 
7	D#"h5(B'0," +15(B.# 'UMYcSMY 7D#"h5B+#  
"10 Y  "+D#"	0"" Y . '#D #   
!"+1#?  	$	B  (,+1D#"1 , + #/7M3A%$,"FY  
  
     )   
	  '
%! +FY  '# 
S	"'!=Y + 
"10FYYc+' #15(B0," #+1h5(B	+'D. UMY`. #D( 	  FYc+'' #  7D#"1 









"10 YY  "+'D#"	0,"1"=YZ[(7	D#"  aY  	!	!"# YZ+''$,'MYc[7	D" g3 +(  Y  \
+'$'FYc[(7D#"g3G $'FY  \  
'  
$D #",+ Y g3 	" 1'h' aYc+$'	MYc[(7D"=3 +  Y  \ +''$''MYc[7	D" g3G' $MY  \  
!	+
.	!"0#	!	+
#		D	" #!' 608","	#D'0#	#+ Y . D (d\`7D#"15B'0" +1 
0
"10 YY  "+'D#"	0,"1"=Y #	D'! Y`0, 
' 	E/'	! Y #	'D!' Y`0, 
!	+
.	!"0#	!	+
 '#UD(!'-. 'D( #D% 	 &6+' #15(B0," #+1h5(B. UFYc1SMYZ+ 1h5(B#+#(  
  
   
				 !"$#&%('*)+,-'.	0/12#    
S	"'!=Y Y`0,	5(B+D. UFY .# '#D# ##D'% (	   
0 
"10 YY  "+D#"0,""#=Y #	'D!' Y`0  




%,+ Y 	EU#ED%<D0# (,! Y' 	EF3GUMY 5 ,  3GUFY  \  M3AUFY 	5   3AUFY  \
' 	EF3A<FY 5   3A<FY  \  M3A<FY 	5   3A<FY 'E 
' 	E/  

"10 YY  "+'D#"	0,"1"=YZ[+ 1  aY  !!"1' aYc+$''MYc[	+ 1 g3 +(  Y  \
+'$'FYZ[+ 1g3A, $MY  \  
' 
$,D "1,+ Y g3 	" #1h# YZ+''$,'FYZ[	+' 1 g3 +(  Y  \




%+ Y 	#EUED%	<D'0# ! Y  EM3AUFY 	5 '  3AUMY  \  M3GUFY 5 ,  3AUMY  \








     )   
	  '
'!+
 #??hI  	 	P
	 LI ??	!

+1'D'  8" 	
K# !'D#8+ "(D 	=Y . 'D( (	M\ " 	  




 (0+1 	) 		+D'0,"!'=YI1' 		+=3 NI  
  	+D'0,"'!6??+1',D' ??#!
> "0		'0     #@
%,!' +1'D%	$D'UFY   
%,!' +1'D%	$D'<FY   
+1   ??)IW7	"1 YI ????)I   .,"+	"+ , 	!	+ LI ?	?+1 #!
> '"10*     @
K# !'D(  +1D#"# (,  	D#"1
0# Y  	D#"1  	, 	D43A%$,"FY    	#D#"  / 	 	D'C3  Y   D#" 
"10 Y  	'D#"5B+(     
 	( M3A+1D%faY`K#( !D(,
Y  	'D#"5B'0," #+M\  	#D#"5(B#+	+1',D'  
> "0		'0     #@
0# Y  	D#"1  	, M3A%#'$,"FY   	#D#"  / 	 M3 aY   D#" 

+1   ??- 	#D#"5(B0," #+1h5(B"1FY 6??




				 !"$#&%('*)+,-'.	0/12#    
 	'D#"5B+(#[ Y C3AUFY 5( 	#D"5B0," +5(B',"	MY =3AUMY  
+1'D	%	$D< 
 	'D#"5B+(#[ Y C3A<FY 5( 	#D"5B0," +5(B',"	MY =3A<MY  

+1   ??)IW7+	/	( ! \X+!(/U6/<M\ #+1 XI ?	?+1',D	%$DU
??)Ih\ I ??8+1',D	%$D<*??8+1  !-??8+1 #!
> '"10*     @





@:	7	D  K D'K:     '9:	
  
55555	55555	55555	55555	555	5	555	5	555	5	555	5	555	5	555	5	55	55	55	55	55	55	55	55	55	55	55	5
> '"10*K:H 	:	7	D'K  ,O@   P
	 DE	D
  
    )   
	  '
."
"	 '	!"'(FY UD#"1 #( *. 'h"+ \`K 8' 
	[5557		!  ,"'	$,!"'(8	 " !h"' 555[
H "	$!	"'8Sh"/. 'h"+6","	    . 'h"+a^ "1_  
%,!'-0,D" 	 
K ''UD	" 1!, )	"( # \`(
KR""(D'M\ D





. 'D!(%!( ""(D43 ",+' 'MYZ	" 5(B,"MY 
. 'D!(%!5(B!%!'#	" #5(B!	(%! 
 	 <D,"W 
	"( #






 /R""D'43A, 	!'D 		+ Y . '"'+	5B'"1	FY  \ .!"a\i+1'D 	  




"10 Y .!"( 

  ,+D#"  D#"
0# Y D#"8 43A%'$"FY  D"   43` Y   
D#"1

 '#UD(!'-. 'FYD"5(B'0" #+1 \ . D!%#!
 ,"'	$,!"'()!<-Sh"	-#",+ (  , 	! ##"1$%, #+
6 	-(0-8	" 1'h	"( #!'+
. '#D!%!'D'43 "+ 'FY`. h5(B,"MY 
. '#D!%!5(B!(%!'.# '5(B!%#!
"	 '	!"'(
. 'h"+	5BD'f '!F^ 	_'D"1 !	("'(MYD"15B+'a\c+1D  
. 'h"+	5B'^ 	_'. 'h5(B!	(%! 
0,'D#" '. '"#+	5(BDf #!F^ _
 
7%# ' ^Y  	De5 	D#"  (E [ Q_




. 'h"+	5B'D'.	",	+(#(5  
. 'h"+	5B+1'D'0,0,'D#"	# 
. 'h"+	5BD'f '!F^  '_	510,'D"# 
. 'h"+	5B'^  '_	'. '"#+	5(B!	%! 
655555	55555	55555	55555	55555	555	5	555	5	555	5	555
55	55555	55555:	 	/(0-8	" #1h	" #!'+	55	5
  
      )   
	  '
655555	55555	55555	55555	55555	555	5	555	5	555	5	555
%,!'8 	'D" +( M3  
%,!'8 	'D'!' F3  
%,!'/ "'D	" #'
6",+ "	$/. "+F^ "1_
 'UD'!/. '#D!%!
. 'D!(%!'	D'43 ",+ FY .# '"'+	5B'"1	FY   
. 'D!(%!5(B!%!''. 'h"#+5(B!	(%! 
"# "  	- "'$#!'+
K#	D" ( 60
0# Y 0('#D'43G0	+D'%'$,"MY `0, 	DC3G0#'+D	'aY   0,
 

 "'/(0-8	" #'h	" !'+
9#"	- E4^ _
0# YZ" " c"(?Z" 

 1EC^ "1_	0,	5(B. 'UFYL"5(B,"	MY 


" #!' 	" #!=Y  1E 4^  '_F\  1E4^  _F\  E4^ E_ 
"10aYc" #!'M3 "+D'$ =Y   

 "'D	" 1'##" #!'M3 +(2'' 	D ,"1,+ Y 
0# YZ" " c"(?Z" 

%,!' D ##+(2'' 		D,"+1
Y .# '"'+	5(B,"FY  \ 0	5B. UMYL"5B'"1	FY   
%,!'/	D # "'D	" 1'V5-D  d3  
  
   
				 !"$#&%('*)+,-'.	0/12#     
 	D#" #+
	 "'D	" 1' [		+ Y SMY 	D' # '"''D" 14\  F3    
5,1SMY 	D # \  M3   [-1SMY  #"''D#	" #1R5	D' # \  F3    

 	D	!  '"''D" #1'R[  D9O5'' 'D"1 +

 	D#" #+( F3  

. 'h"+	5B!%!1
. 'h"+	5B+' '' 	'D,	! 
R""D'43 !' Y 
D43 !' Y 

  




				 !"$#&%('*)+,-'.	0/12#     
    	
 
   "!#!$%'&()* "!+,-.0/1$2'34!57698;:9<=><;?@A,CBD?FE+:98A6(-.<;6G+>%IHJK5MLN5G!2?F<;$O6P!69K$IH
BD$8K?@E57<7Q:9<L4:9%RS,RTVU*WYX[Z]\*^_W





K?@E+6G!6GK$N!:[3]O~18    Ki  ;,    k       Kmj
  16G5!$2F!$%#Li        
   lTl1> q?F!5;,D<gT!6G5!:Z]:9<;?@<$O6-.<;6G+>%F9$>K:%-#<;8PN!$8`,Pi+TK5s6GO
<;76<5$U$A/K<;576D~i
Z]/!$+76G$RiNBD:9:$K{$<        +
  "lY!Q7 "!=!$+%.\i        
  W
K?@E+6P!"6GK$N!: ef<K?@<j6G57~ \:92K5A6G? X[Q5!57~ ^g<;:9<!< 9  >   k )*8;6KQ<;5  Kmj
q676GERhK"M82K!:K572









T<;|&K5 k        Omj
   -#<:<$ 	!$%
!Q7 ! k        Omn
   WV@NW
1ir\%>/\EE:r-#<8PR     k        Omni      >
    "lLr!5$Ri       +
    )(WV 9<;$ q9<j98;!$%#^MX]4!S~>:K5;+,D<oL$A6G<oZ]:9<;?F<;$O6f-#<j6G1%>,GaK:  Ki    +
  
Unité de recherche INRIA Sophia Antipolis
2004, route des Lucioles - B.P. 93 - 06902 Sophia Antipolis Cedex (France)
Unité de recherche INRIA Lorraine : Technopôle de Nancy-Brabois - Campus scientifique
615, rue du Jardin Botanique - B.P. 101 - 54602 Villers lès Nancy Cedex (France)
Unité de recherche INRIA Rennes : IRISA, Campus universitaire de Beaulieu - 35042 Rennes Cedex (France)
Unité de recherche INRIA Rhône-Alpes : 655, avenue de l’Europe - 38330 Montbonnot St Martin (France)
Unité de recherche INRIA Rocquencourt : Domaine de Voluceau - Rocquencourt - B.P. 105 - 78153 Le Chesnay Cedex (France)
Éditeur
INRIA - Domaine de Voluceau - Rocquencourt, B.P. 105 - 78153 Le Chesnay Cedex (France)
  	


  
ISSN 0249-6399
